Self-fertilisation is generally seen to be disadvantageous in the long term.
Introduction
Although the majority of species reproduce via outcrossing, self-fertilisation has 22 been observed to be fairly common in many groups, including angiosperms (Igic and Kohn 2006) and some animals (Jarne and Auld 2006) . In particular, dif-24 ferent species of flowering plants consistently show a transition from outcrossing to self reproduction (reviewed in Wright et al. (2013) ). Selfing is believed to 26 have several short-term evolutionary advantages. These include having a 50% transmission advantage over outcrossers as they can fertilise their own ovules, as 28 well as those of outcrossers (Fisher 1941) . Selfing species also have reproductive assurance under pollen limitation, where they are more able to create seeds when 30 mates are rare. This effect leads to an increased ability to colonise new areas (Baker 1955) . At the genetic level, selfing can create homozygotes more quickly 32 from recessive beneficial mutations compared to outcrossers, increasing selection acting on them (Pollak 1987; Caballero and Hill 1992; Charlesworth 34 1992). Selfing can thus rapidly evolve unless it is counteracted by sufficiently high inbreeding depression (Lande and Schemske 1985) .
36
In spite of these short term advantages, selfing is generally seen as an evolutionary dead-end. For example, Goldberg et al. (2010) (see also Wright and 38 Barrett (2010) ) demonstrated that self-compatible plants in the nightshade (Solanaceae) family have higher extinction rates than self-incompatible lineages. The 40 general reasoning behind this idea is that natural selection is less efficient overall because the effective population size is reduced by a factor of 1/(1 + F ) in a pan-polymorphism it causes can lead to a lack of adaptability, especially when colonising a new environment. Indeed, this was the original hypothesis of Stebbins
72
(1957) as to why self-fertilisation should be an "evolutionary blind alley". Interestingly, selfing is not universally deleterious with regards to selection on adaptive 74 traits. For example, the probability of fixation of recessive beneficial mutations is higher in selfing populations than outcrossing ones (Pollak 1987; Caballero 76 and Hill 1992; Charlesworth 1992); this lies in contrast to the fact that dominant mutations are more likely to fix in outcrossers (the so-called 'Haldane's Sieve' 78 mechanism (Haldane 1927) ). Additionally, while outcrossing populations are more likely to fix mutations from standing variation than in selfers, in line with 80 Stebbins' hypothesis, selfing populations always fix beneficial alleles more quickly due to the ensuing reduction in heterozygosity (Glémin 2012; Glémin and Ron-82 fort 2013).
In addition, selfing populations suffer from a reduced effective recombination 84 rate due to greater homozygosity (Nordborg 2000) ; furthermore, it is well-known that reduced recombination impedes the efficacy of selection at a specific locus 86 ('Hill-Robertson' effects (Hill and Robertson 1966; Charlesworth et al. 2009) ). Therefore, the effective population size N e should be further reduced 88 in selfers, which can broaden the conditions for when adaptation rates should be lower in selfers than in outcrossers. However, the explicit effect of selfing on the 90 dynamics of selection at several loci has been poorly explored up to now (with a few exceptions, such as Pollak and Sabran (1996) ).
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Here, we rectify this situation by analysing a model of selective sweeps in partially selfing populations, and the effect it has on linked deleterious muta-94 tions. Hitchhiking of deleterious mutations associated with selective sweeps is not a purely theoretical concept, since it has been documented in outcrossing popu-96 lations such as humans (Williamson et al. 2007; Chun and Fay 2011) . It is therefore likely to have a stronger impact in partially selfing populations as the 98 overall recombination rate is reduced. Recently, Hartfield and Otto (2011) analysed a model for an outcrossing haploid population, and used it to demon-100 strate how the presence of linked deleterious mutations reduced signals of sweeps in the genome. We extend that model to consider a diploid population that can 102 also be subject to partial self-fertilisation, to investigate the possibility that an adaptive substitution of a beneficial allele in selfers results in smaller improvement 104 in fitness than in outcrossers, as linked deleterious mutations hitchhike along with the beneficial allele. We obtain analytical approximations for the probability that 106 a deleterious allele hitchhikes to fixation, instead of being purged following recombination. These solutions are subsequently used to determine what effect selfing 108 has on adaptation in the presence of linked deleterious mutation, and how this compares to classic results on adaptation in selfing organisms.
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General approach
We commence by describing a general branching process method that forms the 112 basis of our analysis. The model is an extension of that used in Hartfield and Otto (2011) , which calculated the fixation probability of hitchhiking deleterious 114 mutations in haploids subject to recombination. This method considers that a beneficial mutation emerges while linked to a deleterious allele, but the haplo-116 type remains beneficial overall (with selective advantage s net ). This haplotype spreads through the population according to a deterministic model, and at each 118 time-point recombination could occur to create a fitter hapolotype without the deleterious mutant. This recombinant can either fix or go extinct in the long term; 120 we then integrate over the entire time of the sweep to calculate the probability that successful recombination never occurs, so that the deleterious mutant fixes 122 with the sweep. Hartfield and Otto (2011) showed that the branching process approximation is accurate if N s net 10, where s net is the overall selective advant-124 age of the haplotype carrying both the advantageous and deleterious mutations.
Therefore its application is quite general except when selection is very weak, in 126 which case drift strongly affected the fixation probability of beneficial mutations (mathematically, this occurs when N s net approaches 1).
128
In our study, we account for deleterious hitchhiking in a diploid genomes, with arbitrary dominance within each loci, and with individuals subject to a fixed in-130 breeding rate F . The full description of the model would normally involve ten genotypes, which also takes into account the gametic phase of double heterozy-132 gotes mutants and two-locus inbreeding coefficients alongside the inbreeding rate F (see, for example, Golding and Strobeck (1980) ). To simplify the problem, 134 the method of Hartfield and Otto (2011) allows the reduction of the equations to single-locus cases. However, the full solution for arbitrary selfing rate and 136 dominance at each locus turns out to be intractable analytically, but can be solved numerically. Therefore, we subsequently examine special cases that are solvable 138 and shed light on the process of deleterious hitchhiking with inbreeding. 
Where w is the mean fitness of the population: 
Using these terms, we can calculate the general fixation probability of a dele-
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terious mutation hitchhiking with a sweeping beneficial mutation. 
Fixation probability of a recombinant haplotype, Π
where p is the frequency of A 1 B 1 . To extend this solution to partially selfing 214
diploids, we use Equation 4 but with s(t) = θ(p) (Equation 3)
, dp/dt = ∆p (Equation 1), and multiply the Π 2 term by (1 + F ), to indicate how inbreeding 216 magnifies the effect of drift, and reduces the effective population size by this factor (Glémin 2003) . The full differential equation to be solved is therefore:
Overall fixation probability of a hitchhiking deleterious al-
A deleterious allele fixes with an advantageous allele, if a recombinant does not form over the entire course of the sweep that subsequently emerges in the popu-222 lation. Equation 4 of Hartfield and Otto (2011) showed that this probability P HH can be given by:
2N κ(p) dp/dt dp (
Here we use 2N in Equation 6 since we now have a diploid population, and κ (p) is the probability of the advantageous only recombinant forming then emerging;
, where r(1 − F ) is the effective recombination rate in partially selfing organisms, caused through the reduction in heterozygosity (Gold-
228
ing and Strobeck 1980). As with the equation for dΠ/dp, we additionally replace dp/dt with ∆p (Equation 1).
230
The general solution to find Π(p), as given by Equation 5, is long and unwieldy, and therefore it is intractable to use with Equation 6 to find a solution with can be obtained for the hitchhiking probability, which we will show to be accurate over a wide parameter space.
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Outline of simulation methods
Throughout this paper, we will compare our analytical and numerical solutions 
Specific examples
The easiest case to analyse is where selection at both loci are additive, so het-264 erozygote loci have half the selective effect of homozygote loci. As selfing has no effect on the probability of fixation at a single locus for this case (Caballero 
This is half the value of Π obtained in Hartfield and Otto (2011) ( Equation 2) for a haploid, fully outcrossing population; the reduction by a half is due to the 272 dominance coefficient reducing selection on heterozygotes by this factor. Therefore, with additive selection, inbreeding has no effect on the fixation probability of 274 recombinant haplotypes as they appear. The reason for this behaviour is that inbreeding affects both the rate of change of p and the selective advantage of A 1 B 0 276 by a factor (1 + F ) due to increased drift effects. Since this extra drift affects all terms equally, it cancels out in Equation 5.
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Substituting Equation 7 into Equation 6 and solving, we obtain the following hitchhiking probability:
That is, the hitchhiking probability is equal to that for a haploid outcrossing pop-282 ulation, raised to the power 2(1 − F )/(1 + F ). We can use Equation 8 to ascertain how inbreeding affects the fixation probability. If F = 0 then the probability is 284 squared, indicating how the likelihood of deleterious hitchhiking is reduced due to the higher population size (2N in diploid populations, compared to N in haploid 286 populations), increasing the net recombination rate. As F increases, the power term is reduced, increasing the probability of deleterious hitchhiking. This is 288 due to two consequences of inbreeding; first, it increases the speed at which the A 1 B 1 haplotype sweeps through the population (see also Glémin (2012) formally by noting that:
so the power always decreases with higher inbreeding, until it reaches a value of 0 294 when F = 1. Finally, by substituting F = σ/(2 − σ) above, for σ the selfing rate, we see that (1 − F )/(1 + F ) = 1 − σ, so the power to which the haploid probability h a = h d near to 1/2, arbitrary F
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We can come up with a more complete formula for the deleterious hitchhiking probability by taking a series expansion of Equation 5 around h a = h d = 1/2. By 304 doing so, we obtain a new differential equation for Π:
By solving this equation (while assuming weak selection), we obtain:
Note that inbreeding affects the fixation probability in this case, and also that if h = 1/2 then we retrieve the previous solution for Π (Equation 7).
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After substituting Equation 12 into Equation 6, followed by some algebraic simplifications (Supplementary Material S2.1), we obtain a more general formula
310
for P around h = 1/2, which can be written in a similar form as Equation 8:
and
where h low e = F + (1 − F )h is the "effective" dominance level experienced by 314 an allele at a low frequency, and h high e = 1 − (1 − F )h is the "effective" dominance level experienced by an allele at a high frequency (see Glémin (2012) around F = 1, to obtain an accurate approximation for highly selfing populations.
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In this case the differential equation for Π is:
which can be solved to produce the following solution:
As before, this yields Equation 7 for h = 1/2. By solving the ensuing Equation 6 after making simplifications, we obtained a formula for P F ≈1 of the same form as
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Equation 13 with
The two approximations (h a and h d near 1/2, and F close to one) give similar results and are accurate except if h is too far from 1/2 and F close to 0 (see 328 Figure 1 and Supplementary Materials S2.1).
Different levels of dominance for the two mutations
330
So far, we have considered that the two mutations shared the same dominance levels, which is quite restrictive. Using numerical integration of Equation 6, we 332 can explore more general cases. In fully outcrossing populations, Figure 2 (a) shows that dominant deleterious alleles are more likely to hitchhike than recessive ones.
334
This is somewhat counter-intuitive because we have expected dominant deleterious alleles to be more easily purged, and therefore contribute less to the fixation 336 probability.
However, what matters is the relative fitness of the recombinant when it occurs.
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At low frequency, the relative fitness of the recombinant weakly depends on the level of dominance of the deleterious allele; it is equal to h a s a when p = 0. On the 
Accounting for the distribution of deleterious alleles throughout the genome
370
For the general formulation, we assumed that there was a fixed difference between the advantageous allele and the nearest segregating deleterious mutant. We can 372 alter the model to account for a distribution of deleterious alleles, and therefore also the distance to the nearest allele, throughout the genome.
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The frequency of a strongly selected allele in the genome, at mutation-selection and R = 4N r (also R 0 = 4N r 0 ), we can integrate the probability of hitchhiking over 384 this distribution as follows:
where P f ix is the fixation probability of the hitchhiking deleterious mutant, given 386 a fixed recombination rate r. It is clear that due to the exp(−R) term in the function that this integral equals zero if R → ∞, since this functions remains 388 following integration. Therefore, the total hitchhiking probability equals:
The solution takes the general form (see Supplementary Material S2.2 for full 390 details of the derivation):
Note that r 0 is also proportional to s d , since the deleterious allele strength 392 determines the average distance between mutant alleles. However, because s d is not affected by the selfing rate, it is directly included in r 0 . is high enough, the previous result holds that higher inbreeding levels aid fixation 398 of the hitchhiking deleterious mutation. However, we also see that for low h, there appears to be a non-zero optimum inbreeding rate that minimises the hitchhiking 400 probability. This plot suggests that if deleterious alleles are sufficiently recessive, a non-zero rate of inbreeding efficiently purges them more quickly, as reduced 402 drift increases the probability of formation of deleterious homozygotes following creation of the recombinant haplotype (Charlesworth and Charlesworth 404 1987) . Furthermore, low rates of inbreeding do not reduce recombination to a disadvantageous low level.
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However, the other result from this analysis implies that inbreeding is not always better in fixing recessive beneficial mutations. For a single locus under h a < 1/2, and lower if h a > 1/2. Our analysis shows that with our model, selfing 410 only offers an advantage if h is low enough, and even then only a partially selfing population offers the greatest benefit to reducing the deleterious allele's fixation 412 probability.
Total fitness gains after the appearance of the be-
neficial mutation
We can also use the previous analysis to determine to what extent inbreeding af- due to weaker selection acting on them when rare. This is reflected in the fact that recessive mutants usually leave weaker signatures of selection in the genome in out-422 crossing species (Teshima and Przeworski 2006; Ewing et al. 2011) . Furthermore, this delay increases the probability that a recombinant haplotype arises and 424 the deleterious allele does not fix (see also Hartfield and Otto (2011) ). However, dominant alleles are more likely to fix in outcrossing populations ('Haldane's 426 Sieve' (Haldane 1927; Pannell et al. 2005) ), yet selfing can create recessive beneficial homozygotes rapidly, giving them the same fixation probability as dom-428 inant mutants (Haldane 1927; Charlesworth 1992 
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Solving ∆w| F =0 = ∆w| F =1 for h a , we can obtain the threshold dominance level for which the fitness gain is higher in outcrossers than in selfers:
where S = s d /s a and ρ 0 = N r 0 . This threshold can be much lower than 1/2, especially for high ρ 0 for which Equation 26 converges towards:
Even in the absence of recombination (ρ 0 = 0), linkage to deleterious alleles is disadvantageous to selfing, provided that deleterious alleles are recessive (h d < 466 1/2). With full linkage, only the fixation of the advantageous-deleterious haplotype matters. In the limit ρ 0 → 0, Equation 26 reduces to:
which is lower than 1/2 when h d < 1/2. This is because while selfing increases both the apparent dominance of the beneficial allele, which helps its fixation and 470 increases the fitness gains following a sweep, it also raises the apparent dominance of the deleterious allele, which decreases population fitness.
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This behaviour is shown in Figure 6 . So in highly recombining species, outcrossing can offer the highest fitness increases, even if beneficial mutants are partly 474 recessive, as it will also enable more efficient purging of the deleterious mutant.
This result widens the parameter space under which strict outcrossing is beneficial 476 over complete selfing.
Discussion
478
Selfing is thought to be an evolutionary 'dead end' due to its inability to purge deleterious mutations and to adapt as quickly as outcrossing populations, espe-480 cially in new environments (Stebbins 1957) . However, it is currently unclear how the two processes of deleterious mutation removal and beneficial allele fixation in-482 teract, and how outcrossers and selfers fix adaptive mutations in the presence of deleterious mutations, which can be more efficiently purged in selfing organisms if We found that, conditional on the initial haplotype not being lost stochastic-500 ally, inbreeding increases the fixation probability of hitchhiking deleterious alleles, due to a decreased effective population size speeding up the rate of fixation of finding is especially true if the underlying genomic recombination rate is high (Figure 6 ). This is because the fitness advantage of outcrossers, due to recombination 506 disentangling beneficial alleles from poor backgrounds, is much stronger than the advantage of selfing of exposing beneficial alleles to selection. These results verify 508 our intuition that the effect of linkage to multiple sites favours outcrossing over a larger parameter range than considered in just one-locus models, due to the 510 further reductions in effective population size caused by selection interference at linked sites (Comeron et al. 2008) . However, once we condition on the possible ous and deleterious mutations are recessive enough, then there exists a non-zero 514 rate of inbreeding that minimises fixation probability, or maximises mean fitness accordingly (Figures 3-5 ). This result suggests that intermediate selfing rates
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could be an optimal strategy in breeding programs for maximising crop yield.
More generally, our results suggest that the interaction between deleterious and 518 advantageous mutations should be taken into account in models of breeding system evolution, especially the evolution of mixed-mating systems.
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Our results also bear implications for the signatures that selection can leave on neutral variation in a genome. In selfers, selective sweeps are expected to be less 522 frequent than in outcrossers, as adaptation is though to be less efficient. However, if they do arise then they should leave a stronger signature of a sweep because they 524 fix in a shorter timeframe, and the reduction in linked neutral variation should extend over longer genomic regions due to reduced recombination (Glémin 2012) . (Denver et al. 2004) , and upper limits of 0.6-0.8 in Daphnia pulex (Lynch et al. 1998; Deng et al. 558 2006). Further empirical estimates of the distribution of fitness effects in facultative sexuals, and partially selfing organisms, will be important to determine the 560 effect of advantageous-deleterious interactions on the evolution of mating systems.
In addition, there is also a lack of empirical dominance data in selfing and Filled points corresponds to 10,000 stochastic simulations for which the beneficial allele has fixed, and empty circles to solutions based on numerical integration of the hitchhiking probability (Equation 6 with r determined by an exponential distribution). Filled points corresponds to 10,000 stochastic simulations for which the beneficial allele has fixed, and empty circles to solutions based on numerical integration of the hitchhiking probability (Equation 6 with r determined by an exponential distribution). . Filled points corresponds to 10,000 stochastic simulations for which the beneficial allele has fixed, and empty circles to solutions based on numerical integration of the hitchhiking probability (Equation 6 with r determined by an exponential distribution). 
